Molecular chaperones are defined as proteins that assist the noncovalent assembly of other protein-containing structures in vivo, but which are not components of these structures when they are carrying out their normal biological functions. There are numerous families of protein that fit this definition of molecular chaperones, the most ubiquitous of which are the chaperonins and the Hsp70 families, both of which are required for the correct folding of nascent polypeptide chains and thus essential genes for cell viability. The groE genes of Escherichia coli were the first chaperonin genes to be discovered, within an operon comprising two genes, groEL and groES, that function together in the correct folding of nascent polypeptide chains. The identification of multiple groEL genes in mycobacteria, only one of which is operon-encoded with a groES gene, has led to debate about the functions of their encoded proteins, especially as the essential copies are surprisingly often not the operon-encoded genes. Comparisons of these protein sequences reveals a consistent functional homology and identifies an actinomycete-specific chaperonin family, which may chaperone the folding of enzymes involved in mycolic acid synthesis and thus provide a unique target for the development of a new class of broad-spectrum antimycobacterial drugs.
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Mycobacteria are aerobic acid-fast bacteria, ubiquitous in the environment, which belong to the phylum Actinobacteria. More than 125 mycobacterial species have now been identified, about a third of which are potentially pathogenic to humans. These include pathogens of global importance such as Mycobacterium tuberculosis and Mycobacterium leprae, as well as a diverse group of nontuberculous mycobacteria (Wilson, 2008) . The global burden of TB was estimated by the WHO in 2011 as 8.7 million new cases and an annual mortality of 1.4 million deaths, a third of which are in HIV-positive individuals where the emergence of multidrug-resistant strains is of particular concern (WHO, 2012). Despite significant progress in the control of leprosy, a quarter of a million people are still identified with leprosy yearly (WHO, 2010) and the increasing incidence of Mycobacterium ulcerans infections has led to the inclusion of Buruli ulcers as a recognised neglected disease target (First WHO Report on Neglected Tropical Diseases, 2010). The global burden of infectious diseases caused by mycobacteria highlights the importance of developing effective tools for the diagnosis and prevention of mycobacterial infections (Wilson, 2008; First WHO Report on Neglected Tropical Diseases, 2010; WHO, 2012) . The application of molecular biological techniques provided a huge step forward in the identification of mycobacterial antigens for use in potential diagnostics and vaccines (Wilson, 2008; First WHO Report on Neglected Tropical Diseases, 2010) . One of the first mycobacterial antigens to be identified using these techniques was the major 65-kDa antigen of M. tuberculosis (Young et al., 1987) , which was initially discovered as an immunodominant antigen in both humoral and cell-mediated immune responses in TB and leprosy (Young et al., 1987 (Young et al., , 1988 . The subsequent demonstration that the 65-kDa antigen was homologous to the heat shock protein GroEL of Escherichia coli led to its common nomenclature as Hsp65 in TB studies (Shinnick et al., 1988; Young et al., 1988) and numerous studies on the protein and encoding gene as potential diagnostics and vaccines (Silva, 1999) . However, the demonstration of the function of E. coli GroEL as an essential molecular chaperone responsible for the correct folding of key housekeeping genes suggested that Hsp65 is a member of the family of protein chaperonins (Hemmingsen et al., 1988) .
The chaperonins are a group of molecular chaperones related by homology to the GroEL proteins of E. coli (Hemmingsen et al., 1988; Hartl & Hayer-Hartl, 2002) . They usually form oligomers of c. 800 kDa, made up of two heptameric rings of 60-kDa subunits, each with an apical, an intermediate and an equatorial domain that together enclose a central cavity in which client proteins fold (Hemmingsen et al., 1988; Hartl & Hayer-Hartl, 2002) . Client proteins bind to the apical domains and chaperonin function requires a heptameric cochaperonin (GroES in E. coli) which binds the same regions of the chaperonin as the client proteins and displaces these into the cavity, where they fold without interacting with other proteins with which they might aggregate (Hartl & Hayer-Hartl, 2002) . The chaperonin folding cycle requires binding and hydrolysis of ATP, and networks of allosteric interactions within and between the two rings are needed to complete the cycle (Hartl & Hayer-Hartl, 2002) . In E. coli, the groEL and groES genes form part of a single operon and homologous groEL/S operons have now been described as essential genes in all phyla and kingdoms; these genes have been ascribed the names cpn60 and cpn10 Lund, 2001 ). However, c. 30% of bacterial genomes have two or more chaperonin genes raising the question of what purpose the additional copies serve, the most likely possibility being that one copy retains the essential chaperone function, while the others diverge to take on different roles (Lund, 2001) .
The Mycobacteria were the first bacteria shown to have multiple chaperonins (Kong et al., 1993; Lund, 2001 ). In M. tuberculosis there are two chaperonin genes, one (cpn60.1) in an operon with the cochaperonin gene cpn10 and the other (cpn60.2) elsewhere on the chromosome (Kong et al., 1993) . The latter encodes Hsp65 and its nomenclature as cpn60.2 genes reflect its distinct nonoperon-encoded genomic localisation. Surprisingly, however, deletion studies in Mycobacterium smegmatis, M. tuberculosis and Mycobacterium bovis BCG have shown that cpn60.2, and not cpn60.1, encodes the essential chaperonin, despite the latter being operon-encoded with cpn10 as in E. coli (Ojha et al., 2005; Hu et al., 2008; Wang et al., 2011) . This has led to some debate about the functional equivalence of the mycobacterial cpn60 and the groEL genes (Lund, 2009 ). This controversy has not been resolved by the conflicting results obtained from studies on the oligomerisation of recombinant products of the different cpn60 genes and the crystal structures of their gene products Lund, 2009 ). More recently, Lund and colleagues have addressed the questions posed by the presence of multiple Cpn60 proteins and their state of oligomerisation by undertaking a detailed genetic and biophysical characterisation of the chaperonins from M. tuberculosis and M. smegmatis (Fan et al., 2012) . These studies present evidence supporting the evolution of novel function for the cpn60.1 genes and show that the cpn60.2-encoded proteins are highly likely to function as oligomers in vivo as they assemble into oligomers in the presence of high salt and nucleotides. They also show that Cpn60.2 from both M. tuberculosis and M. smegmatis is able to replace GroEL in E. coli, when expressed with either the cochaperonin GroES or the cognate cochaperonin Cpn10. However neither Cpn60.1 nor Cpn60.3, a third chaperonin homologue found in M. smegmatis, was able to complement GroEL in E. coli. These studies also addressed the question of oligomerisation using a number of biophysical techniques and confirmed earlier structural studies showing that, under normal physiological conditions, the purified chaperonins are largely monomers or dimers Fan et al., 2012) . However, as monomeric GroEL is nonfunctional (Hartl & Hayer-Hartl, 2002) , they examined oligomer formation under a range of conditions and showed oligomerisation in the presence of high concentrations of ammonium salts and either ATP or ADP. Under these conditions, the ATPase activity of the chaperonins increased and the oligomers formed had molecular masses consistent with the typical GroEL tetra-decameric structure of a double ring with seven subunits each. Finally, they showed that substitution of the 22 amino acids at the N-terminus of cpn60.2 with the equivalent sequences from GroEL led to significant stabilisation of the oligomer, a result consistent with previous studies demonstrating the importance of the N-terminal tail in GroEL assembly (Horovitz et al., 1993) . As the N-terminal 60 residues, which include the ATP binding site, are undefined in the crystal structure of dimeric Cpn60.2 , it is likely that the binding of nucleotide may also assist in stabilising the functional oligomers of this chaperonin in vivo (Fan et al., 2012) .
These results conclusively demonstrate that the mycobacterial Hsp65, or Cpn60.2, is the structural and functional equivalent of the E. coli GroEL and is responsible for the correct folding of essential housekeeping genes as also suggested by the deletional analysis of mutants of M. smegmatis, M. tuberculosis and M. bovis BCG (Ojha et al., 2005; Hu et al., 2008; Wang et al., 2011) . This, however, leaves open the intriguing question of the function of the nonessential Cpn60.1, particularly as the recent structural study of M. tuberculosis Cpn60.1 suggests that it may indeed act as a conventional chaperonin (Sielaff et al., 2011) in marked contrast to earlier gene deletion studies that proposed a more specialised role in aiding biofilm formation and nonplanktonic growth (Ojha et al., 2005; Hu et al., 2008; Wang et al., 2011) . A possible resolution of this apparent paradox is if the two cpn genes code for chaperonins that are involved in the folding of two distinct classes of cellular proteins, with Cpn60.1 chaperoning the folding of a class of nonessential proteins. This possibility is supported by a comparison of the two Cpn60 sequences and, in particular, their more divergent C-terminal domains. The canonical E. coli groEL gene encodes a chaperonin with a C-terminal tail rich in glycine and methionine residues that is also seen in the mycobacterial cpn60.2 sequence, but not in the cpn60.1 gene, which has a distinct histidine-rich C-terminal tail instead ( Fig. 1 ; Kong et al., 1993; Lund, 2001; Lund, 2009 ). This sequence difference raises the possibility that the C-terminal tail may be characteristic of the functional equivalents of the E. coli GroEL, such as the mycobacterial Cpn60.2, and suggests that the glycine/methionine tail may be used to identify those chaperonins that mediate the folding of essential housekeeping genes. This suggestion is supported by several studies across a number of bacteria that contain multiple chaperonin genes, where deletion studies have revealed that only one of these genes appears to be essential for viability (Lund, 2001 (Lund, , 2009 . In all these, the essential cpn60 genes encode proteins with a glycine-and methionine-rich C-terminal tail ( Fig. 1 and C . Colaco, unpublished data). Moreover, it should also be noted that the third Cpn60 sequence found in some mycobacteria, such as M. smegmatis, has a distinct C-terminal tail that is neither glycine-/methionine-rich nor histidine-rich (C. Colaco, unpublished data). This raises the more enigmatic question of the cellular functions of the client proteins chaperoned by Cpn60.1 and the possible significance of the histidine-rich C-terminal tail in selecting these polypeptide substrates. In GroEL, the C-terminal tail is highly flexible and thus undefined in the crystal structures (Hartl & Hayer-Hartl, 2002; Machida et al., 2008) . However, a detailed genetic analysis of the final 23 residues assessing the ability of C-terminal-truncated, double-and single-ring mutants to assist the refolding of rhodanese and malate dehydrogenase showed that this domain defines the environment within the central cavity and in particular its hydropathicity, features that would impact on both the size and nature of the substrate protein folded by the chaperonin (Tang et al., 2006; Machida et al., 2008) . This is consistent with a role for the mycobacterial Cpn60.1 chaperonins in the folding of a distinct class of proteins, possibly unique to mycobacteria or actinomyces. Although a distinct DNA-bound function in the assembly of the nucleoid has recently been proposed for Cpn60.1 (Basu et al., 2009) this is unlikely to involve the C-terminal tail sequence, as the mitochondrial Hsp60 chaperonin for Fig. 1 . C-terminal sequence alignment of mycobacterial GroELs with the Escherichia coli homologue reveals two protein families, one of which shares a glycine-rich domain with the E. coli GroEL and the other showing a distinct histidine-rich sequence. Sequences were retrieved from UniProtKB and aligned using T-Coffee within the Jalview alignment viewer. The amino acids are marked up with the default ClustalX colour scheme.
which nucleotide binding has also been reported does not have a histidine-rich C-terminal tail (Kaufman et al., 2003; Basu et al., 2009) . A database search with the histidine-rich C-terminal sequence of Cpn60.1 reveals highly homologous proteins across all mycobacterial species, as well as Corynebacteria, Nocardia and Rhodococcus (C. Colaco, unpublished data). A common feature of all these Actinobacteria is their synthesis of a complex cell wall containing mycolic acid derivatives, and this suggests the intriguing possibility that the biological role of the mycobacterial Cpn60.1 may be to chaperone the folding of key enzymes involved in the synthesis of mycolic acid. Such a role for Cpn60.1 is also consistent with the defects in mycolates and biofilm formation observed in the cpn60.1 knockouts in M. smegmatis, where the protein was also found to be associated with KasA and SMEG4308, both key enzymes implicated in biofilm formation and involved in fatty acid synthesis (Tang et al., 2006; Kumar et al., 2009) . In this respect, it is interesting to note that the oligomerisation of Cpn60.1 has been shown to be facilitated by phosphorylation (Canova et al., 2009) , which is thought to be mediated by the serine threonine protein kinases that have also been implicated in biofilm formation (Gopalaswamy et al., 2008) .
Finally, as KasA has been identified as an important drug target for the development of new drugs against TB (Brown et al., 2009) , the most interesting implication of the suggested role of Cpn60.1 is that this novel mycobacterial chaperonin may present an upstream target for drug development. Thus, therapeutics that target Cpn60.1 would both inhibit other enzymes involved in the synthesis of mycolates and potentially also be effective in the treatment of all pathogenic mycobacterial strains including not just M. tuberculosis, but also M. leprae and M. ulcerans.
